Elemental diffusion during the droplet epitaxy growth of In(Ga)As/GaAs(001) quantum dots by metal-organic chemical vapor deposition Droplet epitaxy is an important method to produce epitaxial semiconductor quantum dots (QDs). Droplet epitaxy of III-V QDs comprises group III elemental droplet deposition and the droplet crystallization through the introduction of group V elements. Here, we report that, in the droplet epitaxy of InAs/GaAs(001) QDs using metal-organic chemical vapor deposition, significant elemental diffusion from the substrate to In droplets occurs, resulting in the formation of In(Ga)As crystals, before As flux is provided. The supply of As flux suppresses the further elemental diffusion from the substrate and promotes surface migration, leading to large island formation with a low island density. V C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4859915] Epitaxial semiconductor quantum dots (QDs) have been widely investigated because of their potential significant electronic and optoelectronic applications. [1] [2] [3] The structural parameters of QDs including their shape, size, number density, and composition are of crucial significance in determining the electrical and optical properties of the QDs. 4 To precisely control these microstructure parameters, it is critical to have a thorough understanding of the growth mechanisms of the QDs. 5 There are two major growth modes used to produce epitaxial QDs-the Stranski-Krastnow (S-K) growth mode 6 and the droplet epitaxy approach. 7 The S-K growth mode has been used to fabricate reliable semiconductor devices in material systems with significant lattice mismatch. 8, 9 Here, layer-by-layer growth is followed by island formation to release the strain energy caused by the lattice mismatch between the epilayer and the substrate. It has been reported that the S-K growth of QDs is a very complicated process, which includes atomic interdiffusion between the QDs and the substrate [10] [11] [12] and elemental redistribution within QDs. 13 The elemental distribution within the QDs has been shown to affect the QD morphology, 14 and the compositional evolution in InGaAs/GaAs QDs 15 and Ge/Si QDs 14, 16 grown using the S-K mode have been reported.
The droplet epitaxy approach can be used in systems with or without lattice mismatch, [17] [18] [19] [20] and involves two steps: (i) deposition of droplets of an element and (ii) crystallization of these droplets through the reaction of the droplets with another element. For the droplet epitaxy of III-V semiconductor QDs, liquid droplets of group III elements are first introduced on the substrate and then exposed to group V elements. The detailed mechanisms of droplet epitaxy growth are much less explored than those of the S-K growth mode. In this Letter, we present a detailed microscopybased-investigation of the composition and morphology of In(Ga)As/GaAs QDs grown by droplet epitaxy in a metalorganic chemical vapor deposition (MOCVD) system. Our experimental results demonstrate that droplet epitaxy QD growth is a complicated process and we suggest a modified mechanism for droplet epitaxy growth.
The In droplet and InAs QD samples for this study were grown on semi-insulating GaAs(001) substrates in a horizontal flow MOCVD reactor (AIX200/4) at a pressure of 100 millibars. Trimethylindium, trimethylgallium, and AsH 3 were used as the precursors and ultra-high purity H 2 as the carrier gas. A 200 nm GaAs buffer layer was first deposited at 650 C, followed by reducing the temperature to 500 C with AsH 3 flowing. When the temperature reached 500 C, a 10 s interruption was introduced, whereby AsH 3 was removed from the reactor to eliminate the influence of AsH 3 on subsequent deposition of In droplets. Afterwards, "two monolayer" of In droplets (the In amount used to grow two monolayer InAs in normal epitaxy under the same growth conditions) were deposited. Sample QD In-only refers to the sample immediately cooled to room temperature without exposure to AsH 3 flux after In droplet deposition, while the temperature in sample QD Inþ8s was maintained for an additional 8 s after In deposition and without exposure to AsH 3 flux. Sample QD InAs was prepared by immediate exposure of In droplets to the AsH 3 flow (3.0 Â 10 À4 mol/min) for 8 s after In droplet deposition.
Plan-view and cross-sectional transmission electron microscopy (TEM) specimens were prepared using a Gatan precision ion polishing system with Ar þ energy of 3 keV. The a)
Electronic mail: xiaozhou.liao@sydney.edu.au. Tel.: þ61 2 9351 2348. 0003-6951/2014/104(2)/022108/5/$30.00 V C 2014 AIP Publishing LLC 104, 022108-1 surface morphology of the three samples was characterized using a Zeiss Ultraþ scanning electron microscope (SEM) operating at 5 kV. Structural characterization using high-resolution TEM and selected area electron diffraction (SAED) was carried out in a JEM-3000F TEM operating at 300 kV. Quantitative compositional analysis was conducted using energy dispersive x-ray spectroscopy (EDXS) in a JEM-2200 TEM operating at 200 kV and the ESPRIT software. The electron probe size for the EDXS was 1 nm. The EDXS data were collected and averaged from 10 QDs for each specimen. The error bar for each EDXS datum indicates the highest and lowest experimental results. Figure 1 (a) shows a typical h110i substrate cross-sectional high-resolution TEM image of an In droplet in sample QD In-only . The image suggests that the island was epitaxially grown on the substrate surface with the same atomic arrangement as that of the GaAs substrate and with a slightly larger lattice parameter. Misfit dislocations, indicated by white arrowheads, with extra half atomic planes are present at the island/substrate interface. The misfit dislocations are caused by the lattice mismatch. Figure 1 (b) shows a combined h110i cross-sectional SAED pattern recorded from the island and the substrate shown in Fig. 1(a) . Two sets of reciprocal space lattices are visible. The one with the strong diffraction spots (marked with "1") is from the substrate, while the one with weak diffraction spots (marked with "2") is from the island. Figure 1 (b) further confirms that the island has the same two-dimensional lattice structure as the substrate but with a larger lattice parameter when observed along the h110i direction. Fig. 1(c) . The combined messages obtained from Figs. 1(b) and 1(d) provide a complete three-dimensional reciprocal structural information demonstrating that the droplet possesses the same lattice structure as the substrate, i.e., face centred cubic lattice or the zinc-blende structure, but with a larger lattice parameter than the substrate. However, pure In possesses a tetragonal crystal structure at room temperature, 21 which is certainly not consistent with the experimental SAED patterns. This suggests that alloying of the In droplet to form InAs or InGaAs island has occurred.
To confirm this hypothesis, EDXS microanalysis was conducted to determine the chemical composition of the droplets in all the three samples. Islands from samples QD In-only , QD Inþ8s , and QD InAs with base diameters in the range of $30-60 nm and similar height-to-base diameter ratios of $1:2.5 were chosen for the EDXS microanalysis. crystallized through As diffusion from the substrate to the droplets, since AsH 3 flow was not introduced in these two samples. Due to the introduction of AsH 3 in the preparation of sample QD InAs , the As/(In þ Ga) ratio for this sample was expected to be 1 and this was observed experimentally in Fig. 2(b) . Slight deviations of the As/(In þ Ga) ratio from exact 1:1 in QDs were caused by the non-equilibrium state of the three samples. Figure 2(c) shows the In/(In þ Ga) ratio along the line scan for the three samples. Sample QD In-only has the highest In/(In þ Ga) ratio, while sample QD Inþ8s has the lowest value. The In/(In þ Ga) ratio for sample QD InAs is close to that of sample QD In-only . Note that EDXS measurement from the substrate far away from the island/substrate interface shows that the composition of substrate is exactly GaAs, which confirms the accuracy of our EDXS data. The error bars of EDXS data were measured within 63% of the mean values, which are smaller than the composition variations among the three samples.
In droplet epitaxy of InAs/GaAs QDs, it was believed that In would remain as a pure liquid droplet before the As flux is introduced to the reaction chamber 22 which will then subsequently result in the crystallization of In to InAs 23 such that the stoichiometry of the resultant islands should be III:V ¼ 1:1. 24 However, a zinc-blende structure was formed in the droplets of samples QD In-only and QD Inþ8s prior to admittance of the As flux, and the ratios of As to In þ Ga in the droplets were confirmed to be $1:1 by EDXS analysis in Fig. 2(c) . This demonstrates that Ga and As atoms have diffused into the substrate to form crystalline In(Ga)As islands.
Although the presence of As in In droplets prior to the admittance of the As flux has been mentioned previously, it is not clear whether the group V element originates from the substrate or from the contaminated reaction chamber. 25 In our experiment, a clean reaction chamber was used, and AsH 3 was removed after the growth of the GaAs buffer layer. In addition, H 2 was used to flush the chamber. Therefore, the substrate is considered to be the main source of As for samples QD In-only and QD In þ 8s due to the fact that a local As environment could be formed directly at the sample surface caused by the out-diffusion of As from the substrate and buffer layer since the temperature is still quite high, even though prior deposition on the liner and suspecter in the reaction chamber may potentially play a role. At the growth temperature of 500 C and without AsH 3 flow, some Ga-As bonds in the areas around the droplets would tend to break, resulting in As desorption, 26 which then alloys with the pure In droplets. Some excess Ga atoms, resulting from the desorption of As, diffuse into the In droplets (as discussed below). However, most of the Ga remained either on the substrate or diffused into the substrate to form Ga interstitials. 27, 28 This would change the stoichiometry of the GaAs substrate in the vicinity of the islands, and this was confirmed by the As/(In þ Ga) ratio between A and B of slightly less than 1 (note that the ratio between A and B may be overestimated due to the poor spatial resolution of EDXS at a relatively thick substrate). These SAED and EDXS data indicate that the QD growth by droplet epitaxy is much more complicated than the ideal situation that is often proposed. 23 According to Vegard's law, 29 the composition in the relaxed islands can be evaluated via a comparison of the lattice parameters between the relaxed islands and the substrate. Lattice parameters were measured using the method demonstrated in Figure 2(a) . Two groups of parallel lines XX 0 and YY 0 with a distance of 24 {111} atomic planes were drawn in the substrate and the island far away from the island/substrate interface. The distances between the two groups of the parallel lines were accurately measured.
Cohen et al. 4 reported substantial diffusion of Group III elements (e.g., In or Ga) between the islands and the substrate in III-V QDs grown by droplet epitaxy. However, little has been reported about the details of the diffusion stage. To probe this further, the island compositions of the three samples measured from EDXS and high-resolution TEM images are listed in Table I . The islands in all three samples contain more In than Ga. Although there is a slight discrepancy between the results obtained from EDXS and those from high-resolution TEM, the general trend on the relative atomic percentages of In and Ga in the three samples is the same, i.e., sample QD In-only has the highest In content (lattice mismatch ¼ 5.8%) and sample QD In þ 8s has the lowest (lattice mismatch ¼ 4.6%). It is clear that substantial diffusion of As and Ga from the substrate to the islands occurs during the deposition of the In droplets. This diffusion likely includes both bulk and surface diffusion. Bulk diffusion occurs directly underneath the In droplets along the vertical direction, while surface diffusion takes place in the areas around the In droplets. A driving force for Ga diffusion into the islands is the reduction of the overall elastic energy of the system. 30 Indeed, the incorporation of Ga atoms into InAs QDs during the nucleation and growth process under S-K mode has been reported before. 15 In our case, the Ga atoms liberated from the breaking of the Ga-As bonds in the areas underneath/around the droplets at high temperature can diffuse/migrate into the islands to form an alloy. This diffusion/migration process is evidenced by the fact that sample QD In þ 8s was found to show a larger amount of Ga, suggesting more diffusion of Ga from the substrate to the islands due to the 8 s growth interruption at high temperature without the As flux.
Sample QD InAs was exposed to the As flux for 8 s at 500 C, while sample QD In þ 8s remained at the same temperature for 8 s after In deposition without admittance of the As flux. The lower Ga content in the islands in sample QD InAs (compared to sample QD In þ 8s ) indicates that the diffusion of Ga from the substrate to the islands is suppressed by the supply of the As flux. This is because the presence of As adatoms on the surface introduced by the AsH 3 flow stabilizes Ga-As bonds on the substrate surface, leading to the suppression of Ga diffusion to the islands after the deposition of In droplets. Note that the Ga content in the islands in sample QD In-only is also lower than that in sample QD In þ 8s because there was not enough time for Ga diffusion to islands in sample QD In-only . Although the evolution of size and density of S-K InAs QDs under As ambient has been widely studied, 31, 32 little is known about the effect of As flux on the surface morphology evolution of InAs QDs grown by droplet epitaxy. Figure 3 shows plan-view SEM images of the three samples. There is no morphological difference between sample QD In-only and sample QD In þ 8s . A bimodal size distribution with ranges of 10-20 nm and 30-40 nm in diameter and with a density of $1.7 Â 10 3 /lm 2 are measured for the QDs in samples QD In-only and QD In þ 8s . Islands with diameters larger than $20 nm account for less than 20% of all islands in both samples.
Interestingly, a remarkably different morphology is observed in sample QD InAs with a low QD density of $3 Â 10 2 /lm 2 and a larger size distribution of $10-70 nm. Islands with diameters larger than $20 nm account for over 45% of the total number of islands. The surface morphology difference suggests that the surface migration of In, Ga and As atoms is facilitated under an As-rich condition. For samples QD In-only and QD In þ 8s , In(Ga)As QDs were formed mainly through the diffusion of As and Ga atoms from areas in the vicinity of the In droplets. This means that the spatial distribution of these QDs is mainly determined by the initial location of In droplets, and the In atoms did not migrate freely. For sample QD InAs , the initial spatial distribution of In droplets should be similar to that in samples QD In-only and QD In þ 8s . However, the presence of AsH 3 during the 8 s island crystallization significantly influenced the migration of In atoms, which then changed the size and island density. It has been reported that the hydrogen radicals stemming from AsH 3 decomposition during the MOCVD growth are very reactive and can attack the already formed InAs islands by breaking the In-As bonds. 33 This will lead to the "decomposition" of some small islands formed during the deposition of In droplets. The In atoms freed from the "decomposed" islands can migrate on the surface and find the most energetically favoured sites (e.g., the top of the islands) to sit and bind with As. This results in the formation of large In(Ga)As islands with a lower density.
Based on our experimental observations, a modified growth mechanism for the droplet epitaxy of In(Ga)As/GaAs is proposed, as summarised in Figure 4 . In our case, In atoms were first deposited on the GaAs substrate surface as shown in Figure 4(a) . However, the deposition of In droplets is immediately accompanied by an alloying process that results from As transport to the droplets as well as Ga diffusion from the substrate to the droplets (see Figure 4 (b)), leading to the formation of In x Ga 1Àx As. Following the supply of AsH 3 flow, further diffusion/migration of Ga and As atoms from the substrate is suppressed, while the surface migration of In and Ga under the presence of atomic hydrogen is enhanced, leading to the formation of large In(Ga)As islands with a low island density (Figures 4(c) and 4(d) ).
In conclusion, we have investigated the growth mechanism of In(Ga)As QDs formed by droplet epitaxy. The unexpected mass transport of As and Ga from the GaAs substrate into the In droplets was observed during the deposition stage of the droplets. This subsequently led to the crystallization of the droplets to form InGaAs QDs. The introduction of As flux after the droplet deposition step suppressed further diffusion of Ga and As from the substrate to the droplets. However, the presence of H radicals (from the dissociation of AsH 3 ) resulted in Ostwald ripening of the dots. These findings suggest that the mechanism for droplet epitaxy using MOCVD is somewhat different to that of Molecular Beam Epitaxy. 34 
